Earlier in vivo studies have shown that the sequential action of the IspG and IspH proteins is essential for the reductive transformation of 2C-methyl-D-erythritol 2,4-cyclodiphosphate into dimethylallyl diphosphate and isopentenyl diphosphate via 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate. A recombinant fusion protein comprising maltose binding protein and IspG protein domains was purified from a recombinant Escherichia coli strain. The purified protein failed to transform 2C-methyl-D-erythritol 2,4-cyclodiphosphate into 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate, but catalytic activity could be restored by the addition of crude cell extract from an ispG-deficient E. coli mutant. This indicates that auxiliary proteins are required, probably as shuttles for redox equivalents. On activation by photoreduced 10-methyl-5-deazaisoalloxazine, the recombinant protein catalyzed the formation of 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate from 2C-methyl-D-erythritol 2,4-cyclodiphosphate at a rate of 1 nmol⅐min ؊1 ⅐mg ؊1 . Similarly, activation by photoreduced 10-methyl-5-deaza-isoalloxazine enabled purified IspH protein to catalyze the conversion of 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate into a 6:1 mixture of isopentenyl diphosphate and dimethylallyl diphosphate at a rate of 0.4 mol⅐min ؊1 ⅐mg ؊1 . IspH protein could also be activated by a mixture of flavodoxin, flavodoxin reductase, and NADPH at a rate of 3 nmol⅐min ؊1 ⅐mg ؊1 . The striking similarities of IspG and IspH protein are discussed, and plausible mechanistic schemes are proposed for the two reactions.
F
or a period of several decades, the mevalonate pathway has been considered as the unique source for the universal terpene precursors, isopentenyl diphosphate (IPP; 7) and dimethylallyl diphosphate (DMAPP; 8, Fig. 1 ). The pioneering studies on this pathway by Bloch, Cornforth, Lynen, and their coworkers (for review, see refs. 1-4) served as the basis for the development of cholesterol biosynthesis inhibitors that have a central role in the prevention and treatment of cardiovascular disease (5) .
Only about a decade ago, independent work by Arigoni, Rohmer, and their respective coworkers proved the existence of a second isoprenoid pathway, which is operative in many eubacteria and in the plastid compartment of higher plants (for review, see refs. [6] [7] [8] . Subsequent studies demonstrated that Dxs protein catalyzes the condensation of pyruvate (1) with D-glyceraldehyde 3-phosphate (2) affording 1-deoxy-D-xylulose 5-phosphate (3) (9, 10) , which is transformed into 2C-methyl-D-erythritol 4-phosphate (4) by a skeletal rearrangement and reduction catalyzed by the IspC protein ( Fig. 1) (11) . The polyol phosphate is then converted into 2C-methyl-D-erythritol 2,4-cyclodiphosphate (5) by the consecutive action of the IspD, IspE, and IspF proteins (refs. 12-14; for review see ref. 15) .
A recombinant Escherichia coli strain engineered for expression of the xylB and ispCDEF genes was shown to transform exogenous 13 C-labeled 1-deoxy-D-xylulose into endogenous cyclic diphosphate 5 in high yield (16) . The additional implementation of a recombinant ispG gene resulted in the in vivo formation of 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate (6) (16), which was also isolated from an ispH-deficient E. coli mutant (17) . Subsequently, the in vitro formation of 6 from 5 by crude cell extracts of E. coli overexpressing ispG was confirmed by radiochemical methods (18) . Compound 6 was shown by in vivo as well in vitro experiments to serve as the biosynthetic precursor of IPP (7) and DMAPP (8) , which were obtained in a ratio of 6:1 by the catalytic action of the IspH protein (19, 20) .
Both the IspG and IspH proteins catalyze reduction steps involving the overall transfer of two electrons and carry three absolutely conserved cysteine residues. We now present additional evidence supporting the striking similarities of the two proteins. ) was synthesized by published procedures (22) . Compound 7 was prepared by published procedures (23) . [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]7 (57.8 Ci⅐mol
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Ϫ1
) was purchased from NEN. 10-Methyl-5-deaza-isoalloxazine (subsequently designated deazaflavin) was a generous gift of Andrée Marquet, Paris. Recombinant MalE͞IspH fusion protein was prepared by published procedures (20) .
Microorganisms. Bacterial strains and plasmids used in this study are summarized in Table 1 , which is published as supporting information on the PNAS web site, www.pnas.org. ), recombinant MalE͞IspG fusion protein (180 g) (see Supporting Materials and Methods, which is published as supporting information on the PNAS web site), and crude cell extract (3 mg) of the E. coli ispG-deficient mutant (see Supporting Materials and Methods) in a total volume of 200 l. The assay mixtures were incubated at 37°C for 4 h and placed on ice. The reaction was terminated by the addition of 10 l of 30% (wt͞vol) trichloroacetic acid followed by immediate neutralization with 20 l of 1 M sodium hydroxide. The mixtures were centrifuged, and the supernatants were subjected to ultrafiltration (nanosep 100-kDa Abbreviations: IPP, isopentenyl diphosphate; DMAPP, dimethylallyl diphosphate. † To whom correspondence may be addressed. E-mail: wolfgang.eisenreich@ch.tum.de or felix.rohdich@ch.tum.de. membrane, Pall Gelman). Aliquots (50 l) were analyzed by reversed-phase ion pair HPLC using a Luna C8 column (5 m, 4 ϫ 250 mm, Phenomenex, Aschaffenburg, Germany). The column was developed with 10 ml of 3% (vol͞vol) methanol in 10 mM tetra-n-butylammonium phosphate (pH 6.0), followed by a linear gradient of 2 ml of 3-21% (vol͞vol) methanol in 10 mM tetra-n-butylammonium phosphate (pH 6.0), a linear gradient of 13 ml of 21-35% (vol͞vol) methanol in 10 mM tetra-n-butylammonium phosphate (pH 6.0), a linear gradient of 10 ml of 35-49% (vol͞vol) methanol in 10 mM tetra-n-butylammonium phosphate (pH 6.0), and a linear gradient of 5 ml of 49-56% (vol͞vol) methanol in 10 mM tetra-n-butylammonium phosphate (pH 6.0), at a flow rate of 1 ml⅐min
. The effluent was monitored by online liquid scintillation analysis (Beta-RAM, Biostep, Jahnsdorf, Germany). The retention volumes of 5 and 6 were 20 and 25 ml, respectively. Compounds 7 and 8 were both eluted at a retention volume of 36 ml. ), and 12 g of MalE͞ IspH fusion protein in a volume of 200 l. A solution (20 l) of 5 mM deazaflavin in dimethyl sulfoxide was added, and the mixture was irradiated as described above. The reaction was terminated by the addition of 10 l of 30% (wt͞vol) trichloroacetic acid followed by immediate neutralization with 20 l of 1 M sodium hydroxide. The mixtures were centrifuged. The supernatants were subjected to ultrafiltration (nanosep 100 kDa, Pall Gelman) and analyzed by reversed-phase ion pair HPLC using a Luna C8 column (4 ϫ 250 mm, 5 m), which was developed as described above for the assay of IspG protein activity. C 3 ]-5, 0.5 mM deazaflavin, and 1.8 mg of recombinant MalE͞IspG protein in a total volume of 3 ml. Samples were irradiated for 2 h with a mercury vapor lamp. During irradiation, the samples were cooled with ice. The reaction was terminated by the addition of 150 l of trichloroacetic acid (30%, wt͞vol) and immediate neutralization with 300 l of 1 M sodium hydroxide. DOWEX 50 WX8 (NH 4 ϩ form) was added. The mixtures were centrifuged. The combined supernatant of four parallel samples was applied to a column of DOWEX 1 ϫ 8 (volume, 400 l; HCO 3 Ϫ form). The column was washed with 25 ml of water, and the product was eluted with 1 ml of 2 M NH 4 HCO 3 . The mixture was analyzed by 13 C NMR spectroscopy.
Enzymatic Conversion of 13 C-Labeled 1-Hydroxy-2-Methyl-2-(E)-Butenyl 4-Diphosphate by IspH Protein in the Presence of Photoreduced
Deazaflavin. All reaction steps were carried out under anaerobic conditions by using degassed buffers and solutions. Reaction mixtures containing 50 mM Tris⅐HCl (pH 8.0), 1 mM DTT, 1 mM CoCl 2 , 1.23 mM [U- 13 C 5 ]6, 140 M deazaflavin (dissolved in dimethyl sulfoxide), and 1.84 mg of recombinant MalE͞IspH protein in a total volume of 1.5 ml were irradiated for 20 min with a mercury vapor lamp. During irradiation, the sample was cooled with ice. The reaction was terminated by addition of 75 l of trichloroacetic acid. The samples were immediately neutralized with 1 M sodium hydroxide. DOWEX 50 (WX8, Na ϩ -form) was added. The mixture was centrifuged, and the supernatant was lyophilized. The residue was dissolved in 600 l of 5% (vol͞vol) D 2 O and analyzed by 13 C NMR spectroscopy. Next, 100 mM Tris⅐HCl, 10 mM MgCl 2 , and 0.65 mg of recombinant isopentenyl diphosphate isomerase (see Supporting Materials and Methods) were added to the NMR sample. The reaction mixture (total volume, 780 l) was incubated for 2 h at 37°C and analyzed by 13 C NMR spectroscopy. NMR Spectroscopy. 13 C and 1 H NMR spectra were recorded at 25°C by using an AVANCE DRX 500 spectrometer from Bruker Instruments (Karlsruhe, Germany).
Results
The incubation of reaction mixtures containing E. coli wildtype cell extract with [2-14 C]2C-methyl-D-erythritol 2,4-cyclodiphosphate (5) afforded two radioactive product fractions that were characterized by retention volumes of 25 and 36 ml in reversed-phase ion pair HPLC ( Fig. 2A) . The minor product fraction with a retention volume of 25 ml migrated at the same velocity as an authentic sample of 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate (6), and the major fraction with a retention volume of 36 ml migrated at the same velocity as IPP (7) and DMAPP (8) , which cannot be separated from each other under the experimental conditions (see below). The reaction proceeded best at pH 8.0 with supplements of 200 M FMN, 1 mM NADH, 1 mM FeCl 3 , and 1 mM Na 2 S. The reaction rate based on total protein in the crude cell extract was 2 pmol⅐mg Ϫ1 ⅐min
Ϫ1
. To construct an ispG mutant, the chromosomal ispG gene of E. coli was replaced by a recombinant ispG gene with an inserted neomycin resistance (neo R ) gene specifying neomycin phosphotransferase using the method reported by Kushner and his coworkers (24) (see Supporting Materials and Methods). A minioperon comprising the mk and pmk genes of Saccharomyces cerevisiae (specifying mevalonate and phosphomevalonate kinase) and the dpmd gene of Arabidopsis thaliana (specifying diphosphomevalonate decarboxylase) on a low copy plasmid was implemented into that strain to enable the formation of 7 from exogenous mevalonolactone (see Supporting Materials and Methods). The resulting strain had an absolute mevalonolactone requirement for growth. The insertion of the neo R gene (Fig. 8 , which is published as supporting information on the PNAS web site) in the ispG gene was confirmed by PCR analysis and sequence determination of the resulting 2.45-kb fragment (Fig.  9 , which is published as supporting information on the PNAS web site).
Western blots of cell extract from wild-type E. coli cells developed with a rabbit antiserum against ispG protein showed an immunoreactive band of Ϸ40 kDa in agreement with the predicted mass of 40.7 kDa. That band was absent in cell extracts of the ispG mutant (Fig. 10 , which is published as supporting information on the PNAS web site). Cell extracts of the ispG mutant strain failed to convert [2-14 C]5 into any of the products found with wild-type cell extract (Fig. 2B) .
The ispG gene of E. coli was cloned into an expression vector to afford a fusion protein comprising a maltose binding protein domain (MalE) and an IspG protein domain. In a recombinant E. coli strain, that plasmid directed the synthesis of an 83.6-kDa protein at an approximate level of 5% based on total cell protein.
The MalE͞IspG fusion protein was purified to apparent homogeneity by affinity chromatography using an amylose column and by subsequent size exclusion chromatography (Fig. 11 , which is published as supporting information on the PNAS web site). The UV͞visible spectrum is displayed in Fig. 12 A, which is published as supporting information on the PNAS web site.
Purified, recombinant IspG protein failed to convert [2-
14
C]5 into 6 under a variety of conditions (Fig. 2C) . However, the conversion of [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]5 into 6 took place, albeit at a low rate, in a mixture containing purified, recombinant IspG protein and crude cell extract from the ispG mutant (Fig. 2D) . FMN, NADPH, FeCl 3 , and Na 2 S were required for catalysis. The rate of product formation based on the recombinant IspG protein was 90 pmol⅐mg Ϫ1 ⅐min
Ϫ1
. In agreement with a recent report by Rohmer and his coworkers (25), we observed the activation of recombinant IspG protein by photoreduced deazaflavin. In closer detail, a mixture containing 40 M [2-14 C]5, 5 mM DTT, 1 mM FeCl 3 , 1 mM Na 2 S, 0.5 mM deazaflavin, and pure recombinant IspG protein was irradiated with white light from a mercury lamp. As shown by radiochromatography, 6 was formed at a rate of 1 nmol⅐mg Ϫ1 ⅐min Ϫ1 (Fig. 2E) . Product formation was not observed in control experiments without the IspG protein or deazaflavin.
A similar set of experiments was carried out with the help of 13 C-labeled substrates. Fig. 3B shows 13 C NMR signals observed in a reaction mixture containing IspG protein, deazaflavin, and [2,2Ј-13 C 2 ]5, which had been irradiated with white light for 2 h. The sample showed two doublets at 139.8 and 13.2 ppm reflecting the presence of two 13 C-enriched carbon atoms. The doublet signature of both signals is caused by coupling of the respective carbon atoms with a coupling constant of 42 Hz, and the chemical shifts and coupling constants identify the reaction product as [2,2Ј-13 C 2 ]6.
In a similar experiment with [1,3,4-13 C 3 ]5 as substrate, the spectrum of the reaction mixture showed three enriched signals, namely a singlet at 66.3 ppm and two doublets at 120.4 and 62.0 ppm (Fig. 3A) , each of which displayed a coupling constant of 50 Hz. Clearly, these signal represent carbon atoms 1, 3, and 4 of Fig. 3A as a consequence of line broadening applied during NMR data processing to improve the signal to noise ratio.
Earlier, we had shown that recombinant IspH protein can be activated by unidentified proteins present in the cell extract of wild-type E. coli cells (20) . The UV͞visible spectrum is displayed in Fig. 12B . We now show that IspH protein can also be activated by a mixture of flavodoxin, flavodoxin reductase, and NADPH (Fig. 13 , which is published as supporting information on the PNAS web site). The catalytic rate based on IspH protein (in presence of a large excess of the two auxiliary proteins) was 3 nmol⅐min Ϫ1 ⅐mg
. In light of the data with the IspG protein, it was of interest to study whether IspH protein can be also activated by photoreduced deazaflavin. For that purpose, we irradiated a mixture containing 5.3 M [1- . When the HPLC conditions described by Zenk and his coworkers (26) were used, the product peak was observed at a retention volume of 66 ml. The same retention value was also detected for an authentic sample of [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]7 (Fig. 14, which is published as supporting information on the PNAS web site) as well as for a 3:7 mixture of radiolabeled 7 and 8 obtained from [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]7 after incubation with isopentenyl diphosphate isomerase (Fig. 13A) . The ratio of 7 and 8 in the equilibrium mixture was confirmed by 1 H NMR spectroscopy (Fig. 15 , which is published as supporting information on the PNAS web site). This result is at variance with a recent report (26) in which separation of peaks corresponding to radioactive 7 and 8 has been described (see also ref. 27 ), and we have no explanation for the discrepancy.
Direct evidence for the simultaneous formation of 7 and 8 was secured in experiments with 13 C-labeled substrates. For that purpose, we irradiated mixtures containing [U- (Fig. 4) . The chemical shifts and (19) . The ratio of 7 to 8 in Fig. 4A is about 6:1, in close similarity to the ratio observed in our earlier in vivo and in vitro studies (19, 20) . After incubation with recombinant isopentenyl diphosphate isomerase (Idi protein) this sample displays NMR signals whose intensities had been shifted from the original values to the equilibrium value of 3:7 (28) (Fig. 4B) .
In addition, white light irradiation of reaction mixtures containing both IspG and IspH protein together with [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]5 and deazaflavin afforded predominantly a radioactive fraction characterized by a retention volume of 36 ml (i.e., the retention volume of both 7 and 8 as documented above) (Fig. 2F) . 
Discussion
The IspG protein of E. coli is involved in the mechanistically intriguing conversion of 2C-methyl-D-erythritol 2,4-cyclodiphosphate (5) into 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate (6) . We have now expressed in a recombinant E. coli strain a fusion protein encompassing IspG and a maltose binding domain and demonstrated that, whereas the purified protein is inactive, activity can be restored by the addition of a crude cell extract from an ispG-deficient mutant of E. coli. This requirement of auxiliary proteins parallels the one previously detected for the IspH protein, which catalyzes the subsequent transformation of 6 into a mixture of IPP (7) and DMAPP (8) (20) . The plausible assumption that such auxiliary proteins catalyze the shuttling of redox equivalents has been corroborated in this work by showing that IspH protein can be activated by the joint action of flavodoxin and flavodoxin reductase in the presence of NADPH. Similar results have been reported in the meantime for the activation of the IspG protein (25) .
The IspG and IspH proteins share further remarkable similarities; they both carry three strictly conserved cysteine residues and display in their UV͞visible spectra similar absorption bands centered at Ϸ415 nm (see Fig. 12 ), which are compatible with the presence of [4Fe-4S] 2ϩ clusters (see refs. [29] [30] [31] [32] . Additional evidence for the presence of such a prosthetic group in an artificially restored form of IspG has been provided recently (25) , together with a radiochemical demonstration that the reconstructed holoprotein can be activated efficiently, as can a number of other proteins with similar prosthetic groups (33) (34) (35) , by the semiquinone radical generated via photoreduction of deazaflavins in the presence of Tris⅐HCl, thiols, and other electron donors (36) .
As described in detail in Experimental Procedures, we have confirmed and extended these results by using both C-labeled forms of 6 were converted into products at a rate of 0.4 mol⅐min Ϫ1 ⅐mg
Ϫ1
. In the experiments with the tritiated substrate, the inseparability of the radioactivity peaks corresponding to the tritiated forms of 7 and 8 did not allow an assessment of their relative rate of formation; however, a value of 6:1 for this ratio was cleanly evidenced by the relative intensities of the corresponding 13 C-NMR signals in the spectrum of the mixture generated from [U- 13 C 5 ]-labeled 6. This value, which is in close agreement with earlier findings of in vivo and in vitro experiments (19, 20) , must represent the outcome of a kinetic control, as demonstrated by the fact that it shifted to the expected equilibrium value of 3:7 (29) on treatment of the solution with the recombinant isopentenyl diphosphate isomerase from E. coli. Not surprisingly, a mixture containing IspG protein, IspH protein, 14 C-labeled 5, and photoreduced deazaflavin afforded predominantly a radioactive peak with a retention volume of 7͞8. In keeping with the results of previously reported in vivo experiments (19) , this finding confirms that the IspH protein operates at a higher rate than the IspG protein.
The two reactions catalyzed by the IspG respectively IspH proteins are reductive processes involving the overall transfer of two electron equivalents and resulting in the cleavage of nonactivated COOH bonds. The bulk of the now available evidence is consistent with the idea that the two proteins are endowed with prosthetic groups that are able to accept single electrons from an appropriate external source and transfer them stepwise to the respective substrates; there is solid evidence that in the case of IspG the oxygen-sensitive prosthetic group is identical with a [4Fe-4S] 2ϩ cluster (25) and convincing, albeit less direct evidence that a similar group is involved in catalysis by the IspH protein. This, in turn, implies the involvement of radical intermediates in each of the reactions catalyzed by the two proteins. As far as the IspG protein is concerned, such a requirement rules out the previously considered alternative of a purely ionic mechanism patterned after the mode of action of vitamin K epoxyquinone reductase (16) . The postulated analogy with anaerobic ribonucleotide reductase (16, 18) is invalidated by the demonstrated absence of S-adenosylmethionine as a radical initiator, and the suggestion of a resemblance with the mechanism of ascarylose biosynthesis (18) must be considered irrelevant, inasmuch as in the latter process the reductive elimination of the critical hydroxy group rests entirely on ionic steps catalyzed by the essential pyridoxamine cofactor and the radical part of the reaction deals exclusively with the subsequent stepwise reduction of the oxidized cofactor (for review, see ref. 37) .
The well documented ability of the reduced form of a synthetic [4Fe-4S] 2ϩ cluster to deoxygenate epoxides to the corresponding olefins (38) suggests that the IspG-catalyzed reaction may take place as indicated in the simplified hypothetical scheme of Fig.  5 , in which the epoxide derived from 5 by hydroxyl-assisted solvolysis of the cyclopyrophosphate ring acts as a substrate for the reductive process. An additional bonus of this scheme with respect to an alternative mechanistic proposal (25) is that the geometry of the epoxide intermediate, dictated by the configuration of the two chiral centers in the precursor, is closely related to that of the final product, thus providing a welcome chemical rationale for the exclusive formation of the (E) isomer.
As for the reaction catalyzed by the IspH protein, all of the available experimental evidence is compatible with the operation of the scheme outlined in Fig. 6 , which can be considered as a biological counterpart of the Birch reduction of allylic alcohols with lithium in liquid ammonia. It is relevant to note that the enzyme can control the outcome of the reaction by enforcing on the substrate the specific conformation illustrated in Fig. 7 , which for obvious stereoelectronic reasons favors the elimination of the hydroxyl group while not allowing the alternative elimination of pyrophospate, the otherwise better leaving group.
Note Added in Proof. Results matching the ones described in this work have been published in the meantime by the Jomaa group for the IspG protein from Thermus thermophilus (39) and for the IspH protein from Aquifex aerolicus (40) . 
